Implantation failure and inadequate placental development are important contributors to infertility, recurrent miscarriage, and other pregnancy-related problems in women. Better understanding of these processes is hampered by the difficulty in obtaining human tissue from which primary cells can be prepared and by the very limited access worldwide to human blastocysts for experimentation. Therefore, the use of appropriate cell lines, particularly for functional studies of implantation and placentation, is imperative. While a number of cell lines for both endometrium and trophoblast have been developed and are widely used, it is difficult for researchers to decide which of these are most appropriate for studies of particular functions. This brief review summarizes the known phenotypes of the most widely used cell lines and indicates which might be the most appropriate for individual studies.
INTRODUCTION
Implantation is initiated by attachment of the trophectoderm to the endometrial epithelium and continues with its penetration of the epithelial layer and the underlying basal lamina and trophoblast invasion through the decidualized stroma until it engrafts the maternal vasculature. These events represent a continuum during which the phenotypes of the cells involved are constantly changing. Implantation of the human trophoblast into the maternal endometrium cannot be studied in vivo and is difficult even ex vivo. Few laboratories worldwide have access to human embryos that are donated for research purposes, although endometrial curettage material taken at the appropriate time of the menstrual cycle and placenta from first-trimester terminations is more available. However, this material is always limited; thus, most researchers must resort to the use of cell lines for studies of the early events of human implantation.
While primary endometrial stromal cells (being the best model for endometrial stromal cells in situ) are relatively easy to prepare from curettage material and to decidualize in culture, obtaining sufficient epithelial and trophoblast cells from primary tissue for meaningful studies is difficult if not impossible. Thus, there is an imperative for careful selection of appropriate endometrial epithelial and trophoblast cell lines from those available. Making the appropriate choice for any particular experiment is not easy. Each cell line has a different phenotype, and while any one may be useful for study of a single parameter or response, it may be inappropriate for study of another. The importance of the validation of cell lines for any study has been emphasized in a recent editorial in this journal [1] .
This review focuses on known phenotypic characteristics of many of the available commonly used human endometrial epithelial and trophoblast cell lines and, where possible, compares these with the phenotype of such cells in vivo, primary cells in culture, and outcomes of functional studies in an attempt to guide selection of the most relevant cell lines for study of different aspects of implantation in humans.
HUMAN ENDOMETRIAL EPITHELIAL CELL LINES
The phenotypes of endometrial luminal and glandular epithelium change dramatically from the proliferative to the midsecretory phases of the menstrual cycle, when the endometrium becomes receptive for implantation. While progesterone drives these changes, progesterone receptors are no longer expressed in the epithelium as the secretory phase progresses. The glands become highly secretory, and the luminal epithelium undergoes membrane transformation with changes in adhesive properties to enable blastocyst attachment and penetration between the cells (Fig. 1) .
CHOICE OF EPITHELIAL CELL LINES FOR FUNCTIONAL STUDIES
Most endometrial epithelial cell lines are derived from endometrial adenocarcinomas (from poorly differentiated [e.g., RL95-2] to well differentiated [e.g., ECC1]) and have a range of properties. For example, HEC-1, derived almost 40 years ago [2] , was the first readily available endometrial cell line and has been used widely in implantation research as a model of nonreceptive epithelial cells; HEC-1A cells have low adhesive properties. By contrast, RL95-2 cells are generally used as a model for receptive epithelial cells, as they are highly adhesive to both trophoblast cell lines (Table 1 ) and mouse blastocysts [3, 4] ; they are characteristically epithelioid and exhibit a strong tendency to pile up and form glandlike dome structures [5] ( Table 1 ). The Ishikawa cell line [6] has mixed characteristics of glandular and luminal epithelium [7] and is widely considered a good model for studying normal endometrial function. Ishikawa cells have been shown to possess apical adhesiveness to JAR cells [8] . They express many of the same enzymes and structural proteins found in normal endometrium [9] , along with functional steroid receptors (estrogen, progesterone, and androgen) ( Table  2) ; this makes them useful for study of endocrine signaling in the endometrium [10] . Given their glandular characteristics, they may have applications to providing secretory products that are found within the uterine cavity.
Two cell lines more closely represent luminal epithelial cells, the ECC-1 line (originally prepared by Satyaswaroop [7, 11] ) and the HES line [12] . ECC-1 cells particularly express cytokeratins (KRTs) 13 and 18, which are characteristic of luminal epithelium (Table 3) . They also retain estrogen receptors alpha and beta, progesterone receptors A and B, and androgen receptors [7] (Table 2 ) and are a stable and highly responsive cell line. The HES cell expresses MUC1 (Table 3) , as does endometrial luminal epithelium in vivo [13] , and has embryotrophic potential because it positively assists transformation, expansion, and hatching of mouse blastocysts in a coculture system [12] . Emerging evidence supports that Ishikawa cells are also a good model for luminal epithelium; they express markers such as MUC1 (Table 3) and support embryo attachment [14] . Therefore, these cell lines are likely the most useful for studies examining the early events and interactions that occur between the endometrium and the trophectoderm (e.g., that represent luminal epithelium for functional adhesion assays) and the expression and regulation of molecules in the luminal epithelium (Fig. 1A) .
Some phenotypic characteristics of these endometrial epithelial cell lines are summarized in Tables 2-4 ; the particular emphasis has been on hormone receptors, cytokines, chemokines, cell surface, extracellular matrix (ECM), and adhesion molecules because these are of particular functional importance in implantation. Where possible, differences between primary luminal and glandular epithelial phenotypic characteristics have been defined. There is considerable heterogeneity between individual cells in luminal and glandular epithelium. Such phenotypic differences between individual cells can be clearly observed by immunostaining for individual markers at any point in time (unpublished observations). For most parameters, few cell lines have been tested, but the tables indicate which cell types may be useful for study of specific pathways and compare characteristics, where possible, with tissue in situ. 
a Presence or absence of selected phenotypic characteristics represented as follows: present, plus (þ) symbol; absent, minus (À) symbol; conflicting data, plus/minus (þ/À) symbol. Blanks spaces represent the absence of data. b ER, estrogen receptors; PR, progesterone receptor; AR, androgen receptor; CG, human chorionic gonadotrophic hormone; LHR, Luteinizing hormone receptor.
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HUMAN TROPHOBLAST CELL LINES
Trophoblast growth and migration are critical events during placental development. Cytotrophoblast stem cells within placenta differentiate into two major lineages, syncytiotrophoblast and extravillous trophoblast (EVT). In anchoring villi, cytotrophoblasts differentiate into EVT and form cell columns, within which EVTs proliferate. Subpopulations of EVTs in the distal cell columns detach, acquire an invasive phenotype, and 
a Presence or absence of selected phenotypic characteristics represented as follows: present, plus (þ) symbol; absent, minus (À) symbol; conflicting data, plus/minus (þ/À) symbol. Blanks spaces represent the absence of data. b KRT, cytokeratin; CD, cluster of differentiation; MUC, mucin 1, cell surface associated; SPP1, osteopontin, ITG integrin; MMP, matrix metalloproteinase; TIMP, tissue inhibitor of MMP; LE, luminal epithelium; *þLE, present specifically in LE and not GE. 
a Presence or absence of selected phenotypic characteristics represented as follows: present, plus (þ) symbol; absent, minus (À) symbol; conflicting data, plus/minus (þ/À) symbol. Blanks spaces represent the absence of data. b LIF, Leukemia inhibitory factor; LIFR, LIF receptor; IL, interleukin; RA, receptor alpha; Act R, Activin receptor; VEGF, vascular endothelial growth factor.
CELL LINE MODELS TO STUDY EMBRYO IMPLANTATION
invade into the decidua (interstitial EVT) or invade and remodel the spiral arterioles (endovascular EVT). The EVT cell proliferation, migration, and invasion are tightly regulated in an autocrine/paracrine manner by numerous growth and regulatory factors within the trophoblast-endometrial microenvironment, which includes decidual cells, uterine natural killer cells, macrophages, and cells of the vasculature (Fig. 1B) . Clearly, there is a much broader range of trophoblast than epithelial phenotypes, and a large number of trophoblast cell lines are available; their characteristics were extensively reviewed as workshop reports in 2000 and 2001 [15, 16] and in a 2004 review [17] , to which readers are referred. However, additional information regarding the phenotypes of the cell lines in most common use is now available. Trophoblast cell lines were generated from a variety of sources, including normal placenta, malignant tissue, and embryonal carcinomas with evidence of trophoblast differentiation [15] . As for endometrial epithelial cell lines, most trophoblast cell lines are derived from placental choriocarcinomas. There are currently no readily available cell lines representative of trophectoderm, although derivation of such cells from human embryonic stem cells has been induced by bone morphogenetic protein 4; syncytialization of these cells was achieved at low densities [18] . Generation of a reliable trophectoderm cell line is urgently required for valuable functional studies.
GENERAL TROPHOBLAST MARKERS
Trophoblast is epithelial in nature. The most useful positive marker of trophoblast is KRT7, which is highly expressed throughout the trophoblast lineage in vivo (trophectoderm, villous and extravillous cytotrophoblast, syncytiotrophoblast, and cell column) but not by any other cells in the placental villous or maternal decidua apart from uterine glandular epithelium [19] . For this reason, KRT7 is used as a first-choice marker (in the absence of vimentin) to confirm trophoblast identity during the purification of primary trophoblast cells from first-trimester placenta [20] [21] [22] , as well as in the establishment of the trophoblast identity of a number of cell lines [23] (Table 5) .
HLAG is first expressed by trophectoderm in the preimplantation conceptus during the blastocyst stage [24] and, along with HLAC, HLAE, and CD9, is expressed by all populations of extravillous (cell column, interstitial, and endovascular) but not villous trophoblast [25] . In primary trophoblast, both HLAG expression and CD9 expression are stimulated by growth on Matrigel [26, 27] . Most important, JEG-3 [28] , BeWo [29] , SGHPL-4 [30] , and AC1M-88 and AC1M-32 cells [31] constitutively express HLAG mRNA [23, [32] [33] [34] , whereas HTR-8/SVneo cells [35] express HLAG when grown on Matrigel [36] , supporting their use as models for EVT (Table  5 ). In contrast, JAR cells [37] do not express HLAG [32] . The cell lines SGHPL-4, AC1M-88, AC1M-32, and BeWo also express CD9 [33, 38, 39] (Table 5) .
Messenger RNA for human chorionic gonadotropin (CG) is first detected in the embryo as early as the eight-cell stage [40] . Subsequently, CG production is confined to the trophectoderm [41] and villous cytotrophoblast and syncytiotrophoblast [15, 42] , with a variant form (hyperglycosylated CG) also produced by EVT, specifically invasive EVT [43, 44] both in vivo and in vitro. Many trophoblast cell lines also express CG (Table 5 ). Moreover, BeWo cells can be stimulated to produce increasing CG during syncytialization with cAMP or forskolin [45] .
CHOICE OF TROPHOBLAST CELL LINES FOR FUNCTIONAL STUDIES
In the choice of cell lines for study of specific events, expression of mRNA for appropriate mediators and receptors is important. The functional work for which trophoblast cell lines have been extensively used is summarized in Table 6 . While the options of cell line for some functions (such as adhesion and invasion) are quite broad and selection can be based on the expression of markers of interest, the options are very limited for other functions such as syncytialization; indeed, treated BeWo cells are the usual choice.
Trophoblast adhesion, invasion, and migration are critical features of implantation and placental development. Adhesion to ECM components is via cell adhesion molecules (such as ITGA1  ITGA5  ITGA6  ITGAV  ITGB1  ITGB4  SPP1  ECM1 Trophoblast subtypes, in vivo Trophectoderm Villous cytotrophoblast IL11  IL11RA  LIF  LIFR  IL1A  IL1B  IL1R  IL10  IL6R Trophoblast subtype, in vivo Trophectoderm Chemokine and receptors 
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vasculature upregulate the vitronectin receptors ITGAV/ITGB3 and ITGAV/ITGB5 [46] [47] [48] . Hence, such integrins are appropriate markers of transitional states between various trophoblast phenotypes. The expression of cell adhesion molecules known to be important during trophoblast invasion is summarized in Table 7 . Of the proteinases that regulate ECM degradation, human trophoblast cells express high levels of urokinase-type plasminogen activator [49] and matrix metalloproteinases (MMPs), particularly MMP2 and MMP9 [50] in vivo. These and related proteinases/proteinase inhibitors identified as having important roles in trophoblast function are summarized in Table 7 . Numerous cytokines and chemokines have also been extensively studied in trophoblast cells; these have roles in regulating adhesion, migration, and invasion of trophoblast [51] . Their known expression (Table 8) provides an indication of which cells will be useful to study specific pathways. For functional studies on adhesion, HTR-8/SVneo and ACIM-88 cells have proven useful; for migration and invasion, JEG, JAR, HTR-8/SVneo, and AC1M-88 cells have been used (Table 6 ).
CONCLUSIONS
Infertility, early abortion, and inadequate placentation are increasing problems for couples in the modern world. To address these issues, it is imperative that we understand the molecular events at the maternal-fetal interface during implantation. While fixed human tissue enables identification of the in vivo cellular location of molecules under study, this cannot provide functional data. Because of the very limited availability of fresh primary tissue, cell lines provide the tools for most functional studies. These are far from perfect. However, by careful selection of the most appropriate cell line (ideally .1) for the function under study, considerable relevant data can be obtained that can be subsequently validated in the very limited primary tissue available or in animal models.
